According to the classical calcium hypothesis of synaptic transmission, the release of neurotransmitter from presynaptic terminals occurs through an exocytotic process triggered by depolarization-induced presynaptic calcium influx. However, evidence has been accumulating in the last two decades indicating that, in many preparations, synaptic transmitter release can persist or even increase when calcium is omitted from the perfusing saline, leading to the notion of a "calcium-independent release" mechanism. Co2+, Ni2+, and Zn2+ is to a large extent accounted for by a depolarizing shift of the Ca2+ current activation curve, by means of an interaction with the negative fixed charges on the photoreceptor presynaptic membrane. Presynaptic depolarization with extrinsic currents, or reduction of extracellular Ca2+, relieves the transmission block because these conditions bring presynaptic transmembrane potential to levels where Ca>2 current can still be activated. Our results may give new insights into the problem of so-called "calcium-independent synaptic transmission" (6, 7).
Ionic manipulations designed to interfere with presynaptic Ca>2 influx (reduction of Ca>2 concentration or application of low-Ca 2 medium containing Co2+ or Ni2+) are relatively ineffective in suppressing chemical synaptic transmission from photoreceptors to horizontal and bipolar cells in vertebrate retina (1) (2) (3) (4) . Moreover, block of the horizontal cell (HC) response induced by Co2+ can be relieved by extracellular transretinal currents which depolarize photoreceptor terminals (5) . Here we present evidence suggesting that the transmission block induced by Co2+, Ni2+, and Zn2+ is to a large extent accounted for by a depolarizing shift of the Ca2+ current activation curve, by means of an interaction with the negative fixed charges on the photoreceptor presynaptic membrane. Presynaptic depolarization with extrinsic currents, or reduction of extracellular Ca2+, relieves the transmission block because these conditions bring presynaptic transmembrane potential to levels where Ca>2 current can still be activated. Our results may give new insights into the problem of so-called "calcium-independent synaptic transmission" (6, 7) .
MATERIALS AND METHODS
Light Responses in Retinal Eyecups. Eyecups were prepared from the retina of turtles (Pseudemys scripta elegans) or salamanders (Ambystoma tigrinum) and continuously superfused with a modified Ringer saline bubbled continuously with a mixture of 95% 02 and 5% Co2. The composition (in mM) of the saline used in turtle experiments was the following: NaCl, 110; KCI, 2.6; NaHCO3, 22; MgCl2, 2; CaCl2, 2; Dglucose, 10 (pH 7.4). Salamander saline had the following
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composition: NaCl, 95; KCI, 2.5; NaHCO3, 30; MgCl2, 2; CaCl2, 2; D-glucose, 10 (pH 7.6). Intracellular recording of the light responses induced by 5-mm-diameter white light spots of variable intensity and duration were made in HCs (and in other retinal neurons) by using fine tip microelectrodes prepared with a Brown-Flaming puller (Sutter Instruments, Novato, CA). The concentration of Ca2> in the nominally zero Ca2> Ringer solution, without EGTA added, was less than 10 ,uM. The pH of the solutions containing EGTA or EDTA was readjusted with NaOH. The concentration of Ca2> in media containing CaCl2 in variable proportions and EGTA (2-10 ,uM) or EDTA (2) (3) (4) (5) ,.tM) ranged from 0.45 to 2.4 nM and was estimated by using the computer program SOL i.d. written by Eric Ertel (Hoffmann-La Roche). To keep a normal concentration of Mg2+ in media containing EGTA the proportion of MgCl2 in the perfusing saline was adjusted accordingly. Chemicals were obtained from Sigma. Bicuculline was used as the soluble methobromide salt and added to the perfusing medium just before application to the retina. Picrotoxin was first dissolved in slightly basic, hot distilled water and then added to the Ringer solution. Neutral density filters were used to attenuate light intensity. The flux density of the unattenuated light on the retina was about 1.5 x 10-5 utW/tLm2. The HC responses illustrated in this article were obtained from luminosity HCs of the turtle retina by using light stimuli attenuated by 2.1 log1o units. Transretinal currents were applied between two silver chloride electrodes positioned at the scleral and vitreous side of the retina, using a technique introduced by Trifonov (8) and modified by Byzov (5) for the purpose of inducing maintained polarizations of photoreceptor terminals. When the positive electrode is on the sclera these currents lead to a hyperpolarization of the membrane of outer segment and to a depolarization of the membrane of the synaptic terminal. The amplitude of these synaptic terminal depolarizations was estimated to be less than 10 mV in most of our experiments, and it probably attained 20 mV with the strongest currents used (see ref. 5 for the details of the method).
Ca2+ 10 Hepes at pH 7.6. Divalent ions were added or calcium concentration was reduced as described in the text. Access was achieved a few minutes after gigaseal formation. Series resistance was compensated by 60%, and the voltage was adjusted for the uncompensated resistance during data analysis. To elicit ICa, voltage steps incrementing by 10 mV between -80 mV and +40 mV were applied from a holding potential of -60 mV. ICa was measured at the end of the steps and the leak current was subtracted. Activation curves were then constructed and fitted by the Boltzmann equation to give the half-activation potential, V112, and the slope factor.
RESULTS
Effects of Transretinal Radial Currents on Divalent CationInduced Transmission Block Horizontal cells are secondorder retinal neurons which respond to retinal illumination with graded hyperpolarizations, the amplitude of which depends on the light intensity. These responses result from a reduction of the release of the photoreceptor transmitter, very probably glutamate, which is maximal in darkness (8) . Consistent with this view, interfering with the release of photoreceptor transmitter, or with its postsynaptic action, results in hyperpolarization of the HC membrane in the dark (4, (9) (10) (11) .
We studied the effects of the application of transretinal currents on the intracellularly recorded light responses of HCs of turtle retina in the presence of Ca2> channel-and synaptic transmission-blocking divalent cations. We found that transretinal currents which depolarize photoreceptor synaptic terminals (positive electrode on the sclera) could relieve the block of HC light responses induced by adding to the perfusing medium Zn> (0.2-1 mM, n = 12; see Fig. 1 ), Ni> (0.5-2 mM, n = 12) and, as previously reported (5) by Co>2 (1-5 mM, n = 8). Progressively larger current intensities were necessary to counteract the response block when the divalent cation application was prolonged, particularly at high concentrations, and eventually only a partial recovery was possible. Neither the application of Zn2, Ni>, or Co> nor the electrical stimuli resulted in an important change of response amplitude in cones, the main photoreceptors of the turtle retina (n = 18).
Transretinal currents produced only a modest recovery from the HC-response block induced by Cd2+ (0.2-1 mM, n = 9) and Mg2+ (15-20 mM, n = 11) and could not counteract the block induced by low-Ca2+ media (with or without 2-4 mM EGTA added, n = 6). Moreover, they were also ineffective against the (12) (13) (14) . It would thus be reasonable to assume that the block of Ca2+ current by Zn2+, Ni2+, and Co2+ in photoreceptor terminals is voltage dependent and that the block is relieved by the depolarization that transretinal currents produce in photoreceptor synaptic endings. However, the main Ca2+ current identified in photoreceptors is of the L type (15, 16) , and there is no evidence that the block of this current induced by Zn>, o>2+, or Ni2>, at the concentrations used in our experiments, can be relieved by presynaptic membrane depolarizations of amplitude comparable to those induced by our transretinal currents. In some preparations, the Ca2+ channel block induced by divalent cations can actually increase as the membrane is depolarized (see, for instance, refs. 17 and 18). A possibility was that the HC response block resulted from a low concentration of Zn2+, Co2+, or Ni>2 in the proximity of the synapse, before the level of these ions reached values similar to the perfusing saline, and that, moreover, the block was due to a mechanism different from a typical channel block. There is evidence that the diffusion time of divalent cations in the extracellular space of the retina can be very long (19) . An interesting possibility was that the block of HC light responses induced by Zn2+, Ni2+, and Co2+ resulted from a depolarizing shift of the activation curve of photoreceptor Ca2+ current by means of an influence on the fixed negative charges present on the outer surface of the cell membrane (20) (21) (22) . This possibility seemed likely because Zn2+, Ni2+, and Co2+ are very powerful in neutralizing surface charges and produce large activation curve shifts at very low concentrations, while Mg2+, for instance, has a much weaker effect (23) . To discriminate between a block due to a mechanism of this type and a classical competitive block, we investigated low-Ca2+ effects on the divalent cation-induced transmission block. A competitive block should be potentiated by lowering Ca>, whereas a block due to a surface-charge effect should be relieved, to a certain extent, since lowering Ca2+ would bring the activation curve to more negative potentials. Our experiments carried out in both turtle and salamander eyecup preparations supported this second alternative, showing that nominally Ca2+-free media could relieve the HC response block induced by Zn2+ (0.2-0.6 mM, n = 22; see Fig. 2 ), Ni2+ (0.5-2 mM, n = 10), and Co2+ (1-3 mM, n = 15). In some experiments carried out in turtle retina the effect of various Ca2+ concentrations was investigated on the response block induced by Zn2+, Ni2+, and Co2+.
It was found that an almost complete recovery could be obtained by lowering Ca2+ from 2 to 0.1-0.5 mM, in the continuous presence of the exogenous cations, and a substantial recovery was seen with 1 mM Ca2+ (n = 12).
In contrast to what observed with Zn2+, Ni2+, and Co2+, low
Ca2+ produced no detectable recovery of HC light responses from the blocking effect of Mg2+ (15-20 mM, n = 11) and only a small recovery from the effect of Cd2+ (0.2-1 mM, n = 5), followed by a rapid intensification of the blockade. Effects of Divalent Cations on Photoreceptor Ca2+ Current. To test the possibility that the action of Zn2+, Ni2+, and o>2+ was mediated by surface-charge modifications, we investigated the effect of divalent cations on the Ca>2 current in isolated salamander cones. As illustrated in Fig. 3 , lowering Ca>2 to 0.5 mM counteracted the depolarizing shift of the current-voltage relation induced by 5 ,tM Zn2+ and resulted in an increase of the Ca2+ current measured at the foot of the current-voltage curve, even though peak amplitude was reduced. Since cone dark potential in physiological conditions is about -35 mV, transmitter release should thus be potentiated by low-Ca2+ media. Similar results were obtained in experiments in which the cell was first bathed in a medium containing Zn2+, Ni2+, or Co2+ (5-100 ,uM) and normal Ca2+, and then the perfusing medium was changed to one containing the same concentrations of the exogenous divalent cation and Ca2+ concentrations reduced to 0.5 or 0.8 mM (n = 29).
The ensemble of these experiments supports the hypothesis that the HC response-blocking effect of Zn2+, Ni2+, or Co2+ is largely due to a depolarizing shift of the Ca2+ current activation curve. It is worth mentioning here that, as for the transretinal current experiments, HC responses in eyecup A preparations could be restored less easily when low-Ca2+ media were applied after long perfusion times with Zn2+, Ni2+, and Co2+. This can be interpreted to mean that the surfacecharge effect gradually gives way to a true channel block, as the extracellular concentration of the antagonist divalent cations reaches increasing levels at the synapse. A true Ca2+ channel block probably also accounts for the effect of Mg2+ and Cd2+, since the suppression of HC responses induced by these cations was not relieved by low-Ca2+ media.
Effects of Low Ca2' in the Absence of Antagonist Divalent
Cations. The surprising action of low-Ca2+ media in the presence of some divalent antagonists led us to investigate low-Ca2+ effects in the absence of exogenous divalent cations. We found that lowering Ca2+ in the perfusing saline resulted in a depolarization of the HC membrane followed by a reduction of the light response which could later develop into a full depolarizing block if the perfusing medium also lacked Mg2+. In the presence of Mg2+, however, the initial depolarizing influence was followed, with prolonged perfusion times (1-2 hr), by a hyperpolarizing shift, and eventually by a hyperpolarizing block (see also refs. 9 and 10), an effect probably due to a competition of Mg2+ with Ca2+ at low Ca2+ levels. Similar effects were observed either by using nominally Ca2+-free solutions or by using media buffered with EGTA (2-10 mM) or EDTA (2-5 mM), the only difference being the faster time course of modifications in the presence of the buffers. A hyperpolarizing block was also observed when Mg2+ (2-20 mM) or Cd2+ (0.2-1 mM) was applied after the full depolarizing block induced by prolonged application of media lacking all divalent cations. Moreover, a similar effect was induced by kynurenic acid (1-2 mM), thus indicating that the depolarization brought about by low-Ca2+, low-Mg2+ media was due to an increased release of photoreceptor transmitter.
It thus appeared that the effect of low-Ca2+ media is to increase, not to decrease, the release of photoreceptor transmitter, even in the absence of exogenous divalent antagonists. This result can be explained by the hyperpolarizing shift of the Proc. Natl. Acad. Sci. USA 93 (1996) . .. 
DISCUSSION
Our results indicate that the blocking action of some divalent cations (Zn2+, Ni2+, and Co2+) on transmission between photoreceptors and HCs is largely accounted for by a depolarizing shift of the presynaptic Ca2+ current activation curve caused by surface potential modifications. Depolarization of presynaptic terminals with transretinal current restores synaptic transmission because it brings photoreceptor potential back to a range at which Ca2+ current can be modulated by the light-induced membrane potential changes. Synaptic transmission can also be restored by lowering extracellular Ca , since this counteracts the depolarizing shift of the Ca>2 current activation curve, thus increasing the release of photoreceptor transmitter. In the absence of Zn2+, Ni2>, or Co2+, prolonged perfusion with low-Ca2+ media may result in a depolarizing block of HC response. This effect may be in part the consequence of a hyperpolarizing shift of the activation curve of photoreceptor Ca2+ current, capable of causing an increase of transmitter release to a point where it cannot be modulated by the physiological responses of photoreceptors. Surface charge theory explains our results parsimoniously and can also account for some paradoxical results of previous work. For instance Co2+ appeared to be less effective in blocking the light responses of HCs and bipolar cells, when applied in a low-Ca2+ medium, than when applied in the presence of a normal Ca2+ concentration (1, 10) . Moreover, application of low-Ca2+ media, with Co2+ or Ni2+ added, resulted in an initial block of HC response in fish retina followed by a slow recovery (2) . According to our interpretation, the first effect would reflect more the action of the blocking divalent cations in the presence of Ca>, the second the response recovery due to the slow washing out of Ca2+ from the extracellular medium.
Our experiments suggest that the HC response block brought about by Cd2+ or high Mg2+ solutions results from a classical block of Ca2+ channels. The difference between the effects of the first group of divalent cations (Zn2+, Ni2+, and Co2+) and those of the second group (Cd2+ and Mg2+) could derive from the relative capability of the various ions to influence surface potentials and to block Ca2+ channels. The ions of the first group produce large modifications of surface potential at concentrations at which they produce a relatively small channel block, while Cd2+ and Mg2+ produce strong channel blocking at concentrations at which they significantly affect the surface potential.
Although the surface charge hypothesis can account in a simple way for the recovery of HC responses brought about by both transretinal currents and low-Ca2+ media, there are other possibilities to consider, particularly with respect to other possible sites of divalent cation action. It is known that divalent cations can interfere with the postsynaptic actions of y-aminobutyric acid (GABA) in many nerve cells, including photoreceptors (see refs. 25 and 26). Thus, it might be that our results reflect block of GABAergic input to photoreceptors (reviewed in ref. 27 ). We ruled this out, however, because we found in control experiments that the low-Ca2+-induced recovery of HC responses after the block induced by Zn2+, Ni2+, or Co2+ was also present in retinae continuously superfused with the GABA antagonists picrotoxin (100-250 ,uM, n = 9) or bicuculline (100-200 ,tM, n = 12). Another possibility is that the effects depended critically on low-Ca2A-induced modifications of photoreceptor responses. It is well known that the amplitude of the response induced by bright flashes in photoreceptors increases in low-Ca 2 media as a consequence of modifications of the intracellular level of cyclic GMP, the second messenger of phototransduction in vertebrate photoreceptors (24, 28) . Even if modifications of photoreceptor light responses and membrane potential induced by low Ca2+ influence some of the results of our experiments, they cannot be the main cause of the response recovery after Zn2+, Ni2+, or Co>2 block. Modifications of photoreceptor responses developed slowly after the application of nominally zero Ca2+ media (after about 20-40 min; not shown), whereas HC responses recovered within about 10 min under the same conditions (see Fig. 2 ). Finally, the recovery of blocked transmission by transretinal currents as shown in Fig. 1 can in no way be attributed to an enhancement of photoreceptor light responses.
There is, however, an apparent inconsistency with our explanation, which is based on surface charge modifications, of the effects of low-Ca2+ media. As a matter of fact, our hypothesis that lowering Ca2+ concentration leads to an increase of transmitter release in the eyecup preparation, as a consequence of increased Ca2+ influx, seems not applicable to experiments in which Ca2+ concentration in the perfusing medium was so low as to reverse the transmembrane Ca2+ gradient, as may occur particularly when Ca2+ buffers are used. This argument is based on the assumption that Ca2+ concentration in the extracellular space follows rather faithfully the concentration in the perfusion saline. This appears to be unlikely, however, particularly in relation with the influence of surface charge on local ionic concentrations. Surface charge theory predicts that, due to the negative surface potential, the concentration of divalent cations in a liquid layer of more than 1-nm thickness adjacent to the membrane can be much higher near the membrane than in the bulk solution, and this is particularly true at low bulk concentrations of the ions (see refs. 29-31 34 ), one should be very cautious in qualifying as a2+-independent a synaptic process which is not blocked (or is even potentiated) by low-Ca2+ media. Indeed, it has been frequently reported that "Ca2+-independent" transmitter release is blocked by application of Mg2> or Cd2, which argues against a genuine Ca>2 independence of this process (see refs. 6 and 
35).
The functional peculiarities of transmitter release from photoreceptors explain the great susceptibility of synaptic transmission at this level to the surface-charge-mediated influence of divalent cations. The Ca>2 current identified in photoreceptors is activated at potentials positive to about -40 mV (see Fig. 3) , and, as previously mentioned, photoreceptor dark potential is about -35 mV. Since photoreceptors respond to light with hyperpolarization, a depolarizing shift of the Ca>2 current activation curve by only a few millivolts can thus lead to a complete block of Ca>2 influx, and, consequently, of transmitter release. The impact of a surface charge-mediated modification would be less evident at synapses activated by depolarizing action potentials of large amplitude but would be important in local nervous circuits based on graded potentials or on small-amplitude spike signals (36) . Moreover, surface charge effects should have a great influence in experimental conditions in which transmitter release is evoked by smallamplitude graded depolarizations, as for instance, following the application of high K+ concentrations or of various pharmacological agents. It is, in fact, from these studies that the idea of a Ca2+-independent transmitter release has been mainly derived (6, 7, 35) .
The extracellular Ca>2 in the retina, as well as in other regions of the nervous system, can change considerably in physiological conditions (19, 37) , and thus transmitter release could be normally modulated by Ca>2 concentration changes by means of a surface-charge effect. A similar possibility also holds for pH modifications (38) (39) (40) , since extracellular pH changes can strongly affect surface potential (41) . Finally, Zn>2 is present in many synaptic terminals, including photoreceptor endings, and it could be released into the extracellular space and thus affect signal transmission (42, 43) . On these grounds, the fixed charges present on the synaptic membrane of photoreceptors, and of other neurons, could be a target of diverse regulatory influences on synaptic transmission at various levels of the nervous system.
